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ABSTRACT

Near-infrared measurements of the occultation of star P445.3 by Pluto on 2007 March 18 reveal that Pluto’s upper
atmosphere (~200—400 km altitude) is unexpectedly dynamic. At a wavelength of 1.6 wm, numerous vertical
fluctuations (8-20 km) of density are detected with unprecedented signal-to-noise ratio. These fluctuations are
achromatic, nearly limb-aligned, and fully resolved along a ~1000 km path over a pressure range of ~0.1—
0.7 pbar (0.01 to 0.07 Pa). Vertical wavelength increases with altitude indicating a high-frequency cutoff
operating on a broad-band spectrum of buoyancy (“gravity”’) waves generated deeper in Pluto’s atmosphere.
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1. INTRODUCTION

Despite the tenuous nature of Pluto’s atmosphere (surface
pressure ~30 wbar), stellar occultations can be used to mea-
sure the profile of physical characteristics versus altitude and
also to monitor temporal changes as Pluto continues to recede
from perihelion. Previous studies have suggested the presence
of near-surface haze layers and indicated that increasing atmo-
spheric pressure (Elliot et al. 2003, 2007) may be caused by frost
migration (Hansen & Paige 1996). In order to detect extinction
caused by low-lying haze and to continue monitoring Pluto’s at-
mosphere in preparation for the flyby mission of New Horizons,
we conducted dual-wavelength observations of the occultation
of star P445.3 by Pluto on 2007 March 18 (UT). This paper
presents the near-infrared results at 1.6 um. A companion paper
by Person et al. (2008) describes the visible results as well as
the astrometric solution derived from light curves at five sites.

2. OBSERVATIONS

The occultation of star P445.3 (2UCAC 25823784) by Pluto
was observed in both near-infrared and visible wavelengths on
2007 March 18 (UT) at the 6.5 m MMT on Mt. Hopkins. The
primary camera, PISCES (McCarthy et al. 2001), recorded the
event in the H-band (1.6 pum) using 80 x 80 pixel frames
(14.4 arcsec on a side) at a rate of 2.5 Hz with a duty cycle of
70%. Despite arelatively low elevation angle (~20°) and high air
mass (~3), individual frames display signal-to-noise ratio (S/N)
~100 and resolve Pluto and Charon (separation 0.719 &+ 0.008
arcsec; Am = 1.94 £ 0.03 mag). A dichroic beam splitter located
immediately above PISCES reflected visible light (<1 um) into
the /9 Top Box where the beam was collimated and reimaged
onto a secondary camera (Souza et al. 2006; Person et al. 2008)
recording with an effective wavelength of 0.75 um at 4 Hz. The
1.6 um measurements were obtained continuously from 9:56 to
11:30 UTC, and no drop in signal (<0.5%) was observed during
Charon’s orbital crossing within +2.5 min of 10:20 UTC.

3. DISCUSSION
3.1. Detection of Light Curve Fluctuations

Figure 1 shows the 1.6 um light curve compared with a
reference theoretical light curve for a simple pure-nitrogen
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atmosphere at constant temperature and pressure (7 = 100 K,
P = 30 pbar at 1150 km radius). This model atmosphere pro-
vides a smooth reference for analyzing the numerous fluctu-
ations recorded throughout the occultation event. Since these
fluctuations were not detected in a reference star recorded
simultaneously in the same field of view at a separation of
~6 arcsec, they are clearly associated with Pluto. The isother-
mal model does not constrain the true surface pressure because
these data give no information about atmospheric radii less than
about 1348 km.

Based on a study of additional observations of this occultation
(Person et al. 2008), we use values for the Mt. Hopkins impact
parameter to the shadow center (1319 & 4 km) and shadow-
plane speed (6.77 km s~!) and take the time of closest approach
to be 10:30:00 UTC + 1428.26 + 0.25 s. The isothermal model
has a minimum relative stellar flux at midoccultation equal to
0.69. The corresponding minimum closest approach distance
for the primary ray is 1348 km from Pluto’s center.

The unusually slow shadow speed for this event, together with
unprecedented S/N at 1.6 um and the grazing geometry for the
occultation, permits us to perform a detailed investigation of the
prominent, well-sampled fluctuations visible in the data. These
fluctuations span a pressure range of ~0.1-0.7 wbar (0.01 to
0.07 Pa) corresponding to an altitude range of 1500—1350 km,
respectively.

The bottom portion of Figure 1 shows that the residuals
between the H-band and somewhat noisier V-band (Person et al.
2008) data are indistinguishable from the small predicted color
difference due to dispersion in Pluto’s nitrogen atmosphere.
Therefore, there are no detectable chromatic effects in the two-
wavelength data set, and no haze layers were detected over this
altitude range. The refractivity of nitrogen gas increases by 0.8%
from the H-band to the visible band (Bennett 1934), implying
a maximum occultation depth difference due to differential
refraction of 0.18% for this event.

The absence of chromatic effects is consistent with the spa-
tial width of the fluctuations in the data, which is always in
excess of 5 km along the occultation chord. The Fresnel scale
for this occultation was 1.8 km at 0.75 um and 3.2 km at 1.6 um,
significantly greater than the projected diameter (~0.7 km) of an
MIlI-type star implied by infrared photometry (Skrutskie et al.
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Figure 1. Stellar flux vs. time at 1.6 um. Flux is normalized to unity outside of occultation and compared with a reference theoretical light curve for pure nitrogen,
isothermal Pluto atmosphere (smooth curve). The lower plot shows the residuals between the normalized H-band and normalized visible-wavelength (Person et al.
2008) data. For ease of display these residuals were shifted upward by 0.5 and magnified by a factor of 2 with respect to the H-band light curve. A horizontal dashed
line corresponded to zero and the smooth line, slightly bowed upward with respect to the dashed line, and almost invisible at this scale, shows the small predicted

color difference due to dispersion in Pluto’s nitrogen atmosphere.

20006). Therefore, the fluctuations are not the diffractive scintil-
lations (“spikes”) frequently observed in planetary occultations
or the twinkling of stars in the Earth’s atmosphere (Hubbard
et al. 1988). Because of the unusual grazing geometry of the
present event, the fluctuations are amenable to interpretation
using weak-scintillation theory (Hubbard et al. 1978). This the-
ory is applied to our data in W. B. Hubbard et al. (2008, in
preparation). Here we emphasize a robust, essentially theory-
independent result from our initial data analysis: the long wave-
length nature of the density fluctuations suggests that a physical
mechanism filters out shorter wavelength fluctuations with in-
creasing altitude in Pluto’s atmosphere.

The fluctuations show some degree of symmetry about mid-
occultation, but the symmetry is not perfect. Figure 2 shows
the H-band light curve fluctuations plotted as a function of the
closest-approach distance of the ray from the center of Pluto,
assuming the geometric parameters of the isothermal model.
The fluctuations in the immersion and emersion segments of the
light curve show some symmetry about the closest-approach
point but are typically misaligned by ~1-5 km. This result
implies that atmospheric density fluctuations giving rise to the
light curve fluctuations are not strictly a function of radius but
are inclined to the limb by angles ~10~2 radians.

3.2. Gravity Wave Interpretation

The theory that we apply (W. B. Hubbard et al. 2008, in
preparation) makes the following approximations: we neglect
any background winds, assume that the unperturbed atmosphere
has a constant scale height H ~ 60 km (corresponding to an
average temperature 7 = 100 K), and assume a plane-parallel
atmosphere (i.e., we ignore sphericity). We focus on inertia-
gravity waves, although Rossby waves, as suggested by Person
et al. (2008), may also be present in the data. Following Fritts
(1984), we consider a wave in two dimensions, varying in x
(parallel to the limb) and z (perpendicular to the limb). The
corresponding spatial wavenumbers are k in the x-direction
and m in the z-direction. For gravity waves, wavenumbers and
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Figure 2. Fluctuations in the normalized flux, A¢, vs. radius of ray closest
approach to Pluto (thin curves are for data prior to midoccultation and heavy
curves after midoccultation). Vertical bars labeled (a), (b), (c) show altitude
intervals in which power spectra were obtained for the fluctuations. Those
spectra are shown in Figure 3.

frequency w are related by the dispersion relation (French &
Gierasch 1974)
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where f is the Coriolis frequency and wp is the Brunt—Viisild
frequency for an isothermal atmosphere at temperature 7', given
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where g = 45 cm s~ is Pluto’s average gravity in the range
considered here, C, is the heat capacity at constant pressure,
and for N, gas y = 1.4.

In the case of the present observation, we observe waves
with k> <« m?, because the occultation geometry averages
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Figure 3. (a) Power spectrum (in wavenumber m) vs. vertical wavelength
A; = 2m/m, for altitude interval (a) from 1350 to 1400 km. The thin curves
are for data prior to midoccultation and heavy curves after midoccultation.
(b) Power spectrum (in wavenumber m) vs. wavelength, for altitude interval (b)
from 1400 to 1450 km. (c) Power spectrum (in wavenumber m) vs. wavelength,
for altitude interval (c) from 1450 to 1500 km.

out atmospheric disturbances over an effective path length
£ ~ 2+/2r H ~ 1000 km, where r ~ 1400 km. We adopt k ~ 27 /
1000 km~!, whereas m ~ 27 /10 km~'. We adopt wp = 1.44 x
103 s and f ~ 2 x 1073 57!, Since f/wp ~ 0.01, dispersion
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relation (1) reduces to
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Using Houghton’s (1977) Equations (8.16)—(8.19), one can
show that

(P'/P) 1
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where P’ is the gravity wave’s pressure perturbation to the local
pressure P of the background isothermal atmosphere, and p’ is
the mass density perturbation to the background density p. For
an ideal gas, we have
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A gravity wave with vertical wavenumber m breaks when
V| > (y — 1)/y, or when
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Equation (8) predicts a density amplitude (relative to the
reference density profile) equal to 0.006 for A, = 8 km and
0.015 for A, = 20 km. The relative density fluctuations inferred
from our data and the visual-band data (Person et al. 2008)
are suggestively close to these values, which may support
the hypothesis that the observed fluctuations are produced by
nearly-breaking gravity waves high in Pluto’s atmosphere. If
the long-wavelength fluctuations that we observe are indeed
gravity waves, Equation (3) implies that their frequencies are
close to f, which will provide a further constraint on the gravity-
wave interpretation (W. B. Hubbard et al. 2008, in preparation).

Liller & Whipple’s (1954; pp. 112—130) observations of me-
teor trails were among the first detections of breaking grav-
ity waves in the Earth’s atmosphere at heights of ~80 km to
~115 km (pressures similar to those investigated here). Over a
few hours, the meteor trails became distorted by mainly hori-
zontal winds, over vertical scales ~5—15 km. The wind veloci-
ties and vertical distortion scales were observed to increase with
height. The density fluctuations that we have observed in Pluto’s
atmosphere resemble this phenomenon.

The results reported here demonstrate the effectiveness of
high S/N occultation measurements made possible with a
large aperture telescope and a sensitive camera. The density
fluctuations which we have detected correspond to bending
angles of ~5 x 107! radians in the refraction of starlight.
Stellar occultation is the only technique capable of reaching such
precision. In contrast, the radio-occultation experiment on New
Horizons can detect refractive bending angles of ~10~8 radians
(Tyler et al. 2008). As Pluto’s location heads into the galactic
plane, new stellar-occultation opportunities are expected to arise
(McDonald & Elliot 2000) and should be explored to further
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characterize and monitor the dynamics of Pluto’s atmosphere
before New Horizons arrives in the year 2015.
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